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Dynamic changes in synaptic strength are thought to provide a cellular basis for information storage in the nervous system. For example, long-term potentiation (LTP) of synaptic transmission is a long-lasting, activity-dependent form of synaptic plasticity that is expressed by all principal neurons in the hippocampus-a brain structure implicated in certain forms of long-term memory 1 . In the hippocampus (and elsewhere), multiple forms of LTP have been described: those that require activation of the N-methyl-D-aspartate (NMDA) subclass of glutamate receptors for induction, and those that are independent of NMDA receptor activation 2 . At nearly all glutamatergic synapses in the hippocampus, including commissural/associational (C/A) synapses in CA3, LTP induction has been firmly established to depend on an initial postsynaptic rise in cytosolic Ca 2+ concentration 1, 3, 4 . This rise can occur via NMDA receptors, voltage-gated Ca 2+ channels or release from internal stores 5, 6 , and in turn, triggers a cascade of biochemical events resulting in the expression of an increase in synaptic strength. Although the site of induction of NMDAreceptor-dependent LTP is clearly postsynaptic, the site of expression is more controversial, with reports supporting both pre- 7, 8 and postsynaptic mechanisms 9 .
The one hippocampal synapse that seems to be an exception to this rule is the mossy fiber input to CA3 pyramidal neurons from dentate granule cells. This synapse has several unusual structural features, including large terminals, multiple release sites and a proximal termination zone along the apical dendrites of CA3 neurons 10, 11 . At this synapse, LTP does not require NMDA receptor activation 2 and reportedly can be induced independently of postsynaptic activity; thus, it is thought to be triggered entirely within the presynaptic terminal 3, 12 . Other reports, however, have suggested that similar, to NMDA receptor-dependent LTP, the induction of mossy fiber LTP depends on an increase in postsynaptic [Ca 2+ ] 13 and is regulated by the postsynaptic membrane potential 14 . Apart from several methodological differences, these contrasting results and conclusions have been difficult to reconcile. More recently, it has been suggested that NMDA-receptor-independent LTP at mossy fiber synapses should be subdivided into two forms, depending on the duration of the stimulus train used for induction: brief trains of high-frequency stimulation applied to the mossy fibers (B-HFS) induce a form of LTP that depends on an initial postsynaptic step, whereas long trains (L-HFS) elicit presynaptically induced LTP 15 . Although the induction mechanisms are still unresolved, there is general agreement that the maintenance or expression of mossy fiber LTP is due to presynaptic changes [16] [17] [18] .
We have used high-speed fluorescence imaging and improved methods for stimulating and recording from the CA3 region to re-examine the possible contribution of Ca 2+ to the induction of these hypothesized multiple forms of LTP, and to determine the specific conditions for their induction. LTP induced with either stimulation protocol similarly required a rise in postsynaptic [Ca 2+ ]. LTP induced with B-HFS or L-HFS was prevented by chelation of postsynaptic [Ca 2+ ], although the concentration of Ca 2+ buffer required for blocking LTP was substantially different for the two protocols. Additionally, a rise in postsynaptic [Ca 2+ ], sufficient to induce mossy fiber LTP, occurred even when fast synaptic transmission was blocked by the ionotropic glutamate receptor antagonist kynurenate. These Ca 2+ rises resulted from release by internal Ca 2+ stores and depended on metabotropic glutamate receptor (mGluR) activation. Finally, LTP was significantly suppressed by postsynaptic inhibition of cAMP-dependent protein kinase. Taken together, these results suggest that mossy fiber LTP shares with other hippocampal synapses the common induction mechanism of an initial rise in postsynaptic [Ca 2+ ].
ally identified CA3 pyramidal neurons in hippocampal slices (Fig. 1a) . To insure that the responses were evoked monosynaptically by mossy fiber input, we used previously developed biophysical criteria 19 and did additional experiments to distinguish mossy fiber-evoked responses from those of other afferents. We identified mossy fiber responses based on rapid rise of the EPSP and EPSC and short onset latency (<3 ms; Methods; Fig. 1b) . The validity of these criteria was tested with the group II mGluR agonist DCG-IV, which selectively blocks mossy fiber responses 20 . DCG-IV significantly reduced the short-latency, fast-rising responses evoked by s. lucidum stimulation, consistent with activation of mGluR2 receptors located on mossy fiber terminals, but had little effect on the slower-rising responses evoked by stimulating the C/A fibers in s. radiatum (Fig. 1b) , a region lacking mGluR2 receptors 21 .
Despite rejection of data that did not conform to these criteria, it is still possible that C/A fibers traversing s. lucidum could contribute to an apparent mossy fiber LTP. Although the NMDA receptor antagonists APV and MK-801 were present in all experiments (unless otherwise specified), NMDA-receptorindependent LTP is observed in CA1 neurons 5 and might be induced in CA3 neurons by C/A afferents. To test this possibility, high-frequency stimulation was applied simultaneously to s. lucidum and to s. radiatum. The stimulation consisted of three trains of 100 pulses (100 Hz) every 10 seconds, or four of these trains given in conjunction with postsynaptic depolarization (1 nA). Following high-frequency stimulation, the relative change in EPSP slope was significantly greater for mossy fiber stimulation in s. lucidum than for stimulation of C/A afferents in s. radiatum (Fig. 1c) , suggesting that NMDA receptor-independent LTP at C/A synapses is unlikely to have contributed to our results.
Mossy fiber LTP depends on a rise in postsynaptic [Ca 2+ ]
Previous investigations of mossy fiber LTP differed in both stimulation pattern and total number of pulses (B-HFS, 105 pulses; L-HFS, 300 pulses) 3, 14, 15 . Therefore, we induced LTP by using the following stimulation protocols: B-HFS, 15 trains of 7 stimuli (100 Hz) repeated every 5 seconds, while depolarizing the CA3 neuron (300-500 pA); L-HFS-3, three trains of long, high-frequency stimulation (100 pulses; 100 Hz; one train every 10 s). We also included a protocol with approximately the same number of total pulses as B-HFS but the sustained stimulation pattern of L-HFS, termed L-HFS-1, the same as L-HFS-3 but with one train (Fig. 2a) . The magnitude of LTP induced with L-HFS-3 was significantly greater than that induced by either B-HFS or L-HFS-1. In addition, L-HFS-3 had a significantly higher probability of inducing mossy fiber LTP than either B-HFS or L HFS-1 (p < 0.01; Fig. 2b and c) .
The previous data suggest that the number of stimulation Fig. 3a and c) . Higher BAPTA concentrations (5-10 mM), however, blocked L-HFS-1 LTP and significantly suppressed L-HFS-3 LTP (Fig. 3b and  c) , suggesting a postsynaptic induction mechanism for all three protocols. The probability of inducing LTP was substantially different for the three protocols: with 5-10 mM BAPTA in the pipet, LTP was induced in 5 of 18 cases by L-HFS-3, whereas B-HFS and L-HFS-1 never induced LTP ( Fig. 3b and c) . Moreover, if the data analysis were limited to only those cases in which L-HFS-3 caused LTP, then it might seem that BAPTA did not significantly affect the magnitude of mossy fiber LTP (5-10 mM BAPTA, 190 ± 23%, n = 5; control, 217 ± 15%, n = 13 (Fig. 4a) , B-HFS evoked a relatively brief increase in [Ca 2+ ] i (peak, 30 ± 3.1% DF/F; half-width, 1.0 ± 0.1 s, n = 6); L-HFS-3 elicited a persistent rise in [Ca 2+ ] i (peak, 43 ± 4.2% DF/F; half-width, 3.1 ± 0.2 s, n = 10). Cumulative probability analysis showed that the peak amplitude of Ca 2+ fluorescence was not significantly different for the two patterns of stimulation ( Fig. 4b) , but the duration of the Ca 2+ response was significantly longer for L-HFS than for B-HFS.
Consistent with the finding that BAPTA blocked B-HFS-induced LTP, BAPTA significantly suppressed a B-HFS-evoked rise in postsynaptic [Ca 2+ ]. As predicted from the concentrationdependent effect of BAPTA on LTP, 1 mM BAPTA had little effect on postsynaptic [Ca 2+ ] during L-HFS-3, whereas 5-10 mM BAPTA significantly suppressed this rise in [Ca 2+ ] i . The efficacy of BAPTA depended, at least in part, on the pattern of stimulation used to increase [Ca 2+ ] i : BAPTA was more effective at suppressing transient increases in [Ca 2+ ] i evoked with B-HFS (1 mM BAPTA, 8.4 ± 1.6% DF/F, n = 8; 5-10 mM BAPTA, 2.2 ± 0.5% DF/F, n = 6) than sustained increases evoked with L-HFS-3. There was a dose-dependent effect of BAPTA on L-HFS-3: 1 mM BAPTA had little effect on [Ca 2+ ] i (39.9 ± 3.5% DF/F, n = 8), whereas 5-10 mM BAPTA had a significant effect on Ca 2+ (13.7 ± 3.7% DF/F, n = 8) in 63% of the cases (that is, in 47% of the cases Ca 2+ was not blocked; Fig. 4a and b) .
We also examined the rise in [Ca 2+ ] i evoked by high-frequency stimulation of C/A afferents and the ability of BAPTA (5-10 mM) to suppress [Ca 2+ ] i during stimulation. (NMDA antagonists were not included in these experiments.) Long stimulation trains applied to C/A afferents elicited a smaller-amplitude and shorter-duration Ca 2+ signal than that observed during mossy fiber stimulation. BAPTA was significantly more (Fig. 4c) than at suppressing the sustained rise in [Ca 2+ ] i evoked by mossy fibers. These findings are consistent with a previous report that some concentrations of BAPTA can prevent C/A LTP but not mossy fiber LTP 3 .
Because 10 mM BAPTA did not block induction of mossy fiber LTP with L-HFS-3 in all CA3 neurons tested, and based on evidence that 30-40 mM BAPTA was required to block certain forms of synaptic plasticity in cerebellar Purkinje neurons 22 , we tested whether similarly high concentrations of postsynaptic BAPTA might also be required to completely block mossy fiber LTP. Including 30 or 50 mM BAPTA in the recording pipet prevented a rise in postsynaptic [Ca 2+ ] during the L-HFS-3 stimulus trains and blocked LTP induction in 10 of 10 neurons (Fig. 5) . To examine whether high postsynaptic BAPTA might be affecting extracellular [Ca 2+ ] and thereby reducing transmitter release 23 , we analyzed the responses observed during the stimulus trains with and without BAPTA in the pipet. There was no significant difference in peak depolarization (control, 45.2 ± 1.5 mV, n = 24; BAPTA, 45.2 ± 3.8 mV, n = 13; p > 0.05). In addition, facilitation was not affected by BAPTA, based on comparing the ratio of the amplitude of the response to the second stimulation pulse versus the first pulse (R2/R1; control, 2.3 ± 0.21, n = 13; BAPTA, 2.2 ± 0.18, n = 14; p > 0.1) or R10/R3 (control, 1.1 ± 0.02, n = 13; BAPTA, 1.1 ± 0.02, n = 14; p > 0.1).
LTP in the absence of fast synaptic transmission
Although the data presented thus far support the hypothesis that postsynaptic [Ca 2+ ] is necessary for the induction of mossy fiber LTP, these findings do not address previous results showing that mossy fiber LTP can be induced in the apparent absence of synaptic transmission 15, 24 . In those studies, an ionotropic glutamate receptor antagonist (kynurenate or CNQX) was present during high-frequency stimulation, and despite suppression of fast synaptic transmission, mossy fiber LTP was still observed, leading to the conclusion that induction occurs presynaptically. Based, however, on evidence that high-frequency stimulation of mossy fibers in the presence of glutamate antagonists elicits a rise in postsynaptic [Ca 2+ ] 25 , we tested whether L-HFS-3 would also evoke a rise in [Ca 2+ ] i in the presence of kynurenate, and if so, whether it would correlate with the induction of mossy fiber LTP. Addition of kynurenate to the perfusion media resulted in the gradual loss of mossy fiber-evoked responses; when synaptic transmission seemed to be totally blocked (10-20 min), L-HFS-3 stimuli were given, and the rise in [Ca 2+ ] i was recorded. After high-frequency stimulation, kynurenate was washed out, and mossy fiber-evoked responses were evaluated for at least 60 minutes (Fig. 6a) . In 5 of 8 cases, L-HFS elicited a delayed, yet significant rise in [Ca 2+ ] i localized to the dendrite in s. lucidum ( Fig. 6a and c) . In each of these five cells, LTP was induced. LTP was not induced in the three cells in which a Ca 2+ signal was not observed.
We further tested whether the [Ca 2+ ] i rise merely correlated with LTP induction or whether [Ca 2+ ] i was required for induction. A concentration of BAPTA (1 mM) shown previously to be insufficient to prevent LTP with the L-HFS-3 protocol was included in the patch-recording pipet and kynurenate added to the perfusion media. Combining kynurenate and low BAPTA prevented a rise in [Ca 2+ ] i and completely blocked the induction of mossy fiber LTP (Fig. 6b and c) . This result indicates that even when fast synaptic transmission is blocked, mossy fiber LTP depends on postsynaptic [Ca 2+ ].
Induction of mGluR-dependent mossy fiber LTP
Although fast synaptic transmission, as measured by the amplitude of single EPSPs, was blocked in the kynurenate experiments, a sustained depolarization of between 5 and 30 mV was still observed in some cells during long trains of stimulation. Because kynurenate is a relatively low-affinity, competitive antagonist, the large amount of glutamate released during the trains might partially displace kynurenate from glutamate binding sites, resulting in the small, sustained depolarization. To test whether the rise in [Ca 2+ ] i that we observed in the presence of kynurenate depended on this sustained depolarization, we held cells at -75 mV under voltage clamp during the trains. We To identify the source of this Ca 2+ , we tested the hypothesis that when fast synaptic transmission is blocked (and voltagedependent Ca 2+ channels are not activated), the delayed rise in [Ca 2+ ] i revealed during L-HFS-3 results from Ca 2+ release from internal stores. We included either ryanodine (20 mM) or thapsigargin (5 mM) in the media to deplete internal Ca 2+ stores (for review, see ref. 26) . In all cases, ryanodine (n = 3) or thapsigargin (n = 2) irreversibly blocked a rise in Ca 2+ during L-HFS-3 (Fig. 7b) . To determine whether internal Ca 2+ release was triggered by the presumed second messenger inositol 1,4,5-trisphosphate via activation of group I mGluR receptors 6,27 , we included one of three different antagonists for group I mGluRs in the bath. Addition of either of the competitive antagonists MCPG (500 mM) or AIDA (500 mM) reversibly blocked the rise in Ca 2+ during L-HFS-3 (n = 3 and n = 6, respectively; Fig. 7a and b) . Similarly, the noncompetitive antagonist CPCCOEt (100 mM) reversibly blocked the rise in Ca 2+ during L-HFS-3 (n = 3; Fig. 7b) .
Finally, we determined whether antagonists of group I mGluRs, in conjunction with kynurenate (10 mM), blocked the induction of mossy fiber LTP. In all experiments, AIDA (n = 3) or CPCCOEt (n = 3) blocked the rise in [Ca 2+ ] i , and correspondingly prevented mossy fiber LTP (Fig. 7c) . Although group I mGluRs are found primarily at postsynaptic sites on CA3 pyramidal neurons 21 , it is possible that the group I antagonists used in these experiments were also acting presynaptically to reduce transmitter release. However, there was no significant difference in sustained depolarizations during the trains with and without mGluR antagonists in the bath (control, 16.7 ± 2.2 mV, n = 24; antagonist, 14.6 ± 4.5 mV, n = 8; p > 0.05). Taken together, these results support the conclusion that when fast synaptic transmission is blocked, the rise in postsynaptic [Ca 2+ ] observed during long trains of mossy fiber stimulation is mediated, at least in part, by mGluR-stimulated release of Ca 2+ from internal stores, and that this rise in [Ca 2+ ] i is required to induce mossy fiber LTP.
Mossy fiber LTP depends on postsynaptic PKA
LTP of mossy fiber synapses can be blocked by extracellular PKA inhibitors 28, 29 . Thus, it was suggested that the inhibitors were acting on the presynaptic mossy fiber terminal where an increase in cAMP is thought to be triggered by Ca 2+ influx during stimulation trains. Based on our findings that mossy fiber LTP induction requires postsynaptic [Ca 2+ ] elevation, and previous findings (Fig. 8) . Mean potentiation 26-30 minutes after tetanus was 133 ± 9% (n = 12) with the inhibitor peptide and 221 ± 22% (n = 5) without it (p < 0.05). The peptide had no apparent effect on the intrinsic properties of CA3 pyramidal cells (in peptide, n = 12, versus controls, n = 5, respectively, resting membrane potential, -71 ± 1 mV versus -69 ± 1 mV; input resistance, 129 ± 12 MW versus 132 ± 18 MW; membrane time constant, 55 ± 4 ms 55 ± 5 ms). In addition, we tested whether the peptide caused a generalized depression of responses by extending our baseline period to 30 minutes before L-HFS-3 (n = 3). In these experiments, we never observed a decrement in the slope or amplitude of mossy fiber-evoked responses during the baseline period, and LTP was still significantly reduced following L-HFS-3 (data not shown). 10 . This region of the dendrites has a high density of voltage-gated Ca 2+ channels 33 , and because of the local surface-to-volume ratio, undergoes a larger rise in [Ca 2+ ] i than any other site in the neuron during somatic and proximal dendritic depolariza- 2a and 4a) . Part of this plateau depolarization may also be contributed by kainate receptors 34, 35 , which represent a substantial proportion of glutamate receptors on mossy fiber terminals. Whatever the cause of the prolonged depolarization, it is not surprising that postsynaptic [Ca 2+ ] is difficult to buffer during multiple L-HFS protocols with concentrations of BAPTA or EGTA that are effective in preventing a rise in [Ca 2+ ] i at other synapses 3, 12, 36 . High concentrations of BAPTA are also required to block certain forms of synaptic plasticity in Purkinje cells 22 , and 100 mM EGTA is required to block mossy fiber LTP in single granule cell cultures 37 . Although an initial rise in postsynaptic [Ca 2+ ] may be a required step for mossy fiber LTP induction, maintenance or expression of this LTP seems to involve presynaptic changes 16, 17, 38 , suggesting that a retrograde signal is involved in linking these two events. The CA3 region, and s. lucidum in particular, are heavily innervated by norepinephrine-containing fibers, and b-adrenoceptors acting through the cAMP signal transduction cascade are important in modulating mossy fiber synaptic plasticity, including LTP and long-term depression (LTD) 30, 39, 40 . Consistent with these findings, our results suggest that postsynaptic activation of PKA might be required for the full expression of mossy fiber LTP. This second messenger cascade could be triggered by a rise in postsynaptic [Ca 2+ ] during HFS of mossy fibers, including co-activation of norepinephrine-containing fibers 30 , as mice with mutations in the Ca 2+ -stimulated type I adenylyl cyclase (AC1) gene have an impaired ability to express mossy fiber LTP 41 . There is, however, good evidence for presynaptic regulation of mossy fiber synaptic transmission by cAMP-dependent mechanisms 18 , as well as data showing a retrograde signaling system in which postsynaptic excitation of PKA can influence presynaptic transmitter release 42 . Therefore, both pre-and postsynaptic cAMP pathways are likely to regulate these synapses.
DISCUSSION
The differences between brief trains and long trains of synaptic activation for inducing synaptic plasticity have been particularly intriguing in both the present and previous experiments 15 . B-HFS-induced LTP can be prevented when L-type Ca 2+ channels are blocked 19 , whereas L-HFS-3 LTP is not prevented. Here we found that even with synaptic transmission mostly blocked by the low-affinity, competitive antagonist kynurenate, a rise in postsynaptic [Ca 2+ ] still occurred and could initiate LTP. These results suggest that multiple mechanisms for increasing [Ca 2+ ] in the postsynaptic neuron are engaged by different stimulus protocols 24, 26 . Voltage-gated Ca 2+ channels seem to dominate for shorter trains, whereas the longer trains may favor other routes of Ca 2+ entry and/or Ca 2+ release. In support of this possibility, prolonged stimulation demonstrates kainate receptor and mGluR activation at mossy fiber synapses 25, 34, 35 . Furthermore, one report has suggested that, under some conditions, mGluR blockade may inhibit mossy fiber LTP 43 . One point of agreement among studies of mossy fiber plasticity is that LTP induced with long trains of stimulation cannot be prevented by hyperpolarizing the postsynaptic membrane potential 3, 14 and that L-HFS LTP does not require additional (or even much) depolarization of the neuron for its induction. These conclusions are supported by the kynurenate experiments reported here and elsewhere 15, 24 , and strengthen the argument that B-HFS-induced LTP may require an associative interaction with another input (experimentally, a paired depolarization), whereas L-HFS-induced LTP does not depend on either a Hebbian or cooperative mechanism 15, 44 . Because of the paucity of innervation of CA3 pyramidal cells by granule cells, it has been suggested 46 that no more than one mossy fiber synapse on a given CA3 neuron is active at any one time during some behaviors of the animal. Because granule cells have been observed in vivo to fire in both brief bursts and long trains 47 , this suggests that LTP is not likely to occur with brief periods of mossy fiber excitation unless the bursting is associated with concomitant input from C/A or perforant path input. In contrast, long periods of granule cell firing could elicit LTP even if only a single mossy fiber were active and there were no other associative synaptic inputs to the cell. The results presented here provide plausible mechanisms for how different firing patterns of granule cells can alter postsynaptic [Ca 2+ ] and thereby increase mossy fiber synapse strength.
METHODS
Preparation of slices and solutions. Hippocampal slices (400 mm) were prepared from Sprague-Dawley rats (21-28 days) as described 19 . All experimental procedures were approved by the Animal Research Committee of Baylor College of Medicine. A Zeiss Axioskop, fitted with a 40´Zeiss water-immersion objective and differential interference contrast (DIC) optics, was used to view slices. The bathing solution contained 125 mM NaCl, 2.5 mM KCl, 25 mM NaHCO 3 , 4 mM MgCl 2 , 5 mM CaCl 2 and 10 mM dextrose with 95% O 2 , 5% CO 2 . NMDA receptor antagonists D,L-APV (50 mM) and MK-801 (20 mM), plus GABA A receptor antagonists (-)-bicuculline methiodide (10-20 mM) and picrotoxin (10 mM) were present in the bathing solution during recording, unless stated otherwise. Where specified, one or more of the following drugs was included in the media: DCG-IV (Tocris), prepared from a stock solution dissolved in 10 mM DMSO; kynurenate (Sigma), dissolved directly into the media (pH 7.2 with NaOH); ryanodine or thapsigargin (RBI), prepared from stock solutions dissolved in 20 mM or 5 mM DMSO, respectively; MCPG (RBI), AIDA (Tocris), or CPCCOEt (Tocris), dissolved directly into the media.
Recording and stimulating. Whole-cell patch-recording pipets (3-6 MW) were pulled from borosilicate glass and filled with 110-120 mM K-gluconate, 20 mM KCl, 10 mM HEPES, 2 mM MgCl 2 , 4 mM ATP (disodium salt), 0.3 mM Tris-GTP and 7 mM phosphocreatine (pH 7.3). When high concentrations of BAPTA (> 30 mM) were added to the recording pipet, it was necessary to use tetrapotassium BAPTA (4K + -BAPTA; Sigma) as the charge carrier (instead of K-gluconate) to maintain proper osmolarity and ionic balance in the whole-cell pipets. In these experiments, three different solutions were used: 50 mM 4K + -BAPTA (n = 3), 30 mM 4K + -BAPTA and 20 mM BAPTA (n = 4) or 30 mM 4K + -BAPTA (n = 3). Whole-cell patch-clamp recordings were made from the soma of visually identified CA3 pyramidal neurons with either an Axoclamp 2A amplifier in bridge mode or a SEC 05L amplifier (Adams and List Associates) in bridge or discontinous voltage-clamp modes. The resting membrane potential was between -60 and -75 mV. LTP experiments were done in current clamp because EPSP slopes were less sensitive than EPSCs to changes in series resistance. In addition, coating electrodes with sylgard and using the capacitance compensation circuitry of the SEC amplifier significantly reduced the sensitivity of both the slope and peak amplitude measurements to changes in series resistance.
Mossy fiber axons were stimulated electrically with a bipolar microelectrode (glass pipet with tip diameter of ~4 mm, filled with media solution, glued to a fine tungsten rod) placed in s. lucidum (30-50 mm from the edge of the pyramidal cell layer) at a lateral distance of 75-200 mm from the recording pipet. In some experiments, a stimulating electrode was placed in s. radiatum (150-200 mm from s. pyramidale) to activate C/A afferents. Test pulses were delivered every 10-20 seconds; a hyperpolarizing current pulse (20 pA, 300 ms) was injected into the cell between test pulses to monitor input resistance and series resistance. Because of convergence of multiple afferent systems onto CA3 neurons (for example, mossy fiber, C/A and perforant path) and the relative sparseness of mossy fiber input, interpretation of synaptically evoked CA3 responses as exclusively monosynaptic is problematic 48, 49 . For example, placement of a stimulating electrode at any site in the hippocampus capable of directly activating mossy fibers may also excite neighboring afferents. In addition, excitation of CA3 neurons sufficient to generate an action potential can lead to polysynaptic activation via the powerful excitatory recurrent pathways. Therefore, amplitude measurements were made on the initial portion (1 ms from onset) of EPSPs that were elicited by stimulation in s. lucidum and that conformed to previously developed rise time criteria; rapid rise times of mossy fiber responses (EPSP < 2.5 ms; EPSC < 1.5 ms, 20-80%) are due to the proximity of the synapses to the soma; in contrast, activation of C/A afferents, terminating more distally, have slower kinetics (see ref. 19 ). The amplitude range of evoked EPSPs was ~5-15 mV (< 50% of threshold for generating an action potential). LTP was operationally defined as >20% increase above baseline for the slope of the EPSP rising phase from 21-25 min after high-frequency stimulation, and unless stated otherwise, oneway ANOVAs with Fishers PLSD post-hoc analysis were used to determine significance. Data are reported as mean ± s.e.
In experiments evaluating release of Ca 2+ from internal stores, a loading protocol was sometimes used to ensure that Ca 2+ stores were replenished after L-HFS. As described 27 , we gave 3-4 depolarizing pulses (2-3 nA; 1-second duration), sufficient to evoke a train of approximately 20 action potentials.
Fluorescence imaging. To measure changes in [Ca 2+ ] i , the fluorescence indicator fura-2 (80-200 mM) was included in the pipet solution and allowed to diffuse into the neuron for at least 15 min before optical recordings began. Using a cooled charge-coupled device (CCD) camera (Photometrics, Tucson, Arizona) in sequential frame transfer mode 50 , we recorded high-speed fluorescence images. Relative changes in [Ca 2+ ] i were quantified as changes in DF/F, where F is fluorescence intensity before stimulation (after subtracting autofluorescence) and DF is the change from this value during neuronal activity (corrected for bleaching during optical recording). The bleaching correction was determined by measuring fluorescence in the neuron without stimulation. Tissue autofluorescence was determined by measuring fluorescence at an equivalent measurement at a parallel location in the slice that was away from the dye-filled cell. We used 380-nm light (13-nm bandpass filter; Omega Optical) to excite fura-2. The sequential frame rate was 50 Hz, and pixels were binned in a 10 by 10 array.
